Heavy-ion irradiation is a powerful mutagen that possesses high linear energy transfer (LET). Several studies have indicated that the value of LET affects DNA lesion formation in several ways, including the efficiency and the density of double-stranded break induction along the particle path. We assumed that the mutation type can be altered by selecting an appropriate LET value. Here, we quantitatively demonstrate differences in the mutation type induced by irradiation with two representative ions, Ar ions (LET: 290 keV lm À1 ) and C ions (LET: 30.0 keV lm À1 ), by whole-genome resequencing of the Arabidopsis mutants produced by these irradiations. Ar ions caused chromosomal rearrangements or large deletions (≥100 bp) more frequently than C ions, with 10.2 and 2.3 per mutant genome under Ar-and C-ion irradiation, respectively. Conversely, C ions induced more single-base substitutions and small indels (<100 bp) than Ar ions, with 28.1 and 56.9 per mutant genome under Ar-and C-ion irradiation, respectively. Moreover, the rearrangements induced by Ar-ion irradiation were more complex than those induced by C-ion irradiation, and tended to accompany single base substitutions or small indels located close by. In conjunction with the detection of causative genes through high-throughput sequencing, selective irradiation by beams with different effects will be a powerful tool for forward genetics as well as studies on chromosomal rearrangements.
INTRODUCTION
Mutagenesis has been carried out using several kinds of mutagens, including ethyl methane sulfonate (EMS), c-rays and fast neutrons (Suprasanna et al., 2014) . Among them, heavy-ion irradiation has been accepted as a powerful mutagen for plant breeding, because it can produce new candidate cultivars with modified target traits without affecting other phenotypes (Tanaka et al., 2010; Abe et al., 2015) . Heavy-ion irradiation has also been used in studies on biological processes in plants and microbes (Sasaki et al., 2012; Yasui et al., 2012; Hirano et al., 2013; Kazama et al., , 2016 Ma et al., 2013; Wang et al., 2013; Maeda et al., 2014; Katano et al., 2016) . The high effectiveness of heavy-ion irradiation can be explained by its high linear energy transfer (LET) value. The LET of heavy ions varies according to differences in the velocity and charge of the ions: in the RIKEN RI-beam factory (RIBF) the LET values of the ions used for biological purposes range from 22.5 to 4000 keV lm À1 . These values are much higher than that for c-rays (0.2 keV lm À1 ). Low-LET radiation produces sparse ionization in the irradiated samples, whereas high-LET radiation ionizes more densely. Thus, the LET is important when describing the quality of radiation. The importance of the LET in the induction of DNA lesions and their spatial distribution has been indicated by Monte Carlo simulations. When the value of LET is sufficiently high, one particle can damage the high-order structure of chromosomes linearly, and without gaps (Ballarini et al., 2008) . The higher the LET value, the more complex the structure of the induced double-strand breaks (DSBs; Ottolenghi et al., 1995; Alloni et al., 2010) , leading to difficulty in the repair of the induced DSBs. Complex DSBs and their difficult repair have been observed in experimental studies (Leatherbarrow et al., 2006; Okayasu et al., 2006) . Moreover, the number of DSBs caused by the indirect effects of radiation decreases as the LET value increases. In mammalian cells, chromosome aberrations have been observed after high-LET irradiation (Franken et al., 2011) . These findings suggest that the value of LET may affect the induction of mutations. We previously revealed that the highest mutation frequencies were obtained with an LET of 30.0 keV lm À1 in
Arabidopsis thaliana, in which the mutation frequencies were investigated with LETs ranging from 22.5 to 640 keV lm À1 (Kazama et al., 2008) . The mutation frequency for this LET value (30.0 keV lm À1 ) is comparable with that observed for EMS mutagenesis, with deletions accounting for 80% of the induced mutations, indicating that this beam is useful for obtaining null mutants with high efficiency (Kazama et al., 2011) . Conversely, we observed that heavy-ion irradiation with high LET values (290 or 640 keV lm À1 ) can induce large deletions and chromosomal (Hirano et al., 2012; . From these observations, we postulated that both mutation frequency and the mutation spectrum might be controlled by selecting appropriate LETs. To demonstrate such an effect for LET, it is necessary to characterize the comprehensive nature of mutations induced by irradiation with different LET values on the whole-genome level.
Whole-genome mutational analysis with high-throughput sequencing (HTS) is a powerful tool used to characterize the nature of induced mutations. Mutation spectra have been detected at the whole-genome level in A. thaliana (Belfield et al., 2012; Hirano et al., 2015) , Oryza sativa (rice; Li et al., 2016) and Solanum lycopersicum (tomato; Shirasawa et al., 2016) . Bioinformatics analysis for the rapid detection of whole-genome mutations has been relatively difficult, and our previous analysis was also time-consuming. Recently, however, such analyses have been conducted more frequently, mainly in human cancer cells (Nik-Zainal et al., 2016) . We also developed a new pipeline, termed the Automated Mutation Analysis Pipeline (AMAP), for the rapid detection of whole-genome mutations (Ishii et al., 2016a) . Using AMAP, the nature of induced mutations can be qualitatively and quantitatively characterized on a whole-genome level.
In the present study, we comprehensively characterized the mutation effects of ion beams of C (30.0 keV lm À1 ) and Ar (290 keV lm À1 ) by whole-genome mutational analysis on eight mutants with AMAP. The numbers of single base substitutions (SBSs), small indels and rearrangements were compared between C and Ar irradiations statistically. The extent of the rearrangement complexity was investigated by reconstructing all fragments produced by irradiation. The number of SBSs and small indels (<100 bp) associated with rearrangements was also compared to address the complexity of the rejoining sites of the fragments produced. The results demonstrate, on a whole-genome level, that the LET value affects the mutation frequency and spectrum.
RESULTS
Ar ions induced chromosomal rearrangements more frequently, but SBSs and small indels less frequently, than the C ions
For whole-genome mutational analysis, we irradiated dry seeds of A. thaliana with Ar ions (290 keV lm
À1
) or C ions (30.0 keV lm
) with doses found to induce 95% survival rates and the highest mutation frequencies (Kazama et al., 2008) . Doses of 50 and 400 Gy were adopted for the Ar-and C-ion irradiations, respectively. All eight mutants showing morphological phenotypes were selected in the M 2 generation after C-ion or Ar-ion irradiation. Then, their phenotypes were confirmed in the M 3 generation. In total, 16 mutants were selected and the bulk of 40 plants of their individual progeny were sequenced, as described in the Experimental procedures. Photographs of each mutant are shown in Figure S1 . The number of sequencing reads and mapping scores are shown in Table S2 . After HTS, induced mutation candidates were obtained using AMAP and confirmed via INTEGRATIVE GENOME VIEWER (IGV; Robinson et al., 2011) . In total, 780 mutations were identified. The genetic homogeneity of each mutation in the M 2 generations could be estimated from the number of respective sequence reads (see Experimental procedures). These mutations were categorized as SBSs, small indels (<100 bp) or rearrangements. Rearrangements included chromosomal rearrangements and large indels (≥100 bp). A schematic representation of the induced mutations is shown in Figure 1 . As a result, Ar ions induced rearrangements 4.6 times more frequently than C ions; the average number of rearrangements in a mutant genome was 10.3 and 2.3 for Ar ions and C ions, respectively (Table 1) . This difference was statistically significant (P < 0.01; two-sided Welch's t-test). Conversely, Ar ions induced SBSs 2.3-fold less frequently than C ions: the average number of SBSs in a mutant genome was 18.3 and 41.6 for Ar ions and C ions, respectively (Table 1) . This difference was also statistically significant (P < 0.01; twosided Student's t-test). The average number of Ar-ioninduced small indels was also lower than that induced by C ions (P < 0.01; two-sided Student's t-test). These results demonstrated that the nature of mutations induced by Ar ions and C ions was significantly different.
Qualitative differences in rearrangements induced by Ar ions and C ions
The sequences of break points and junction regions were investigated for the rearrangements identified (Figures S2 and S3) . Based on this information, the chromosome structures after rejoining all chromosomal fragments produced by the irradiations could be reconstructed for each of the 14 mutants derived from Ar-ion or C-ion irradiation. For the other two mutants, data on the rearrangements were not sufficient to enable reconstruction because of the technical limitations of the rearrangement detection using short-read sequencing (see Discussion). The reconstructed chromosome structures of four mutants -two for Ar ion-induced mutants and two for C ion-induced mutants -are shown in Figures 2 and 3 , respectively. Both Ar ions and C ions were found to induce rearrangements on localized regions of chromosomes ( Figure 2) ; however, more complicated rearrangements or reciprocal crossings occurred following Ar-ion irradiation (Figure 2 ). Such features were consistent in the other mutants (see Figures S2 and S3) . Moreover, filler DNAs, inserted sequences with no significant similarity to the Arabidopsis genome, were more frequently found in the junctions of Ar ion-induced mutants than in those of C ion-induced mutants (P < 0.01; two-sided z-test). Overall, 32 of the 85 detected junctions had filler DNAs in Ar ion-induced mutants (37.6%), whereas one filler DNA was found among 18 detected junctions in C ion-induced mutants (5.6%). These results indicate that Ar ions induced complex rearrangements.
The distribution of small mutations differs between those induced by Ar ions and those induced by C ions Small mutations, including SBSs and small indels, detected in the Ar ion-induced mutants seemed to be associated with the break points of the rearrangements (Figure 1) . Thus, the distance from each small mutation to the nearest break point in the mutant was calculated. As a result, Ar ion-induced mutants were found to contain many small mutations near the rearrangements, whereas C ion-induced mutants contained few small mutations within 100 kbp of the rearrangements (Figure 3) . The difference between the median distance for Ar ions and C ions was statistically significant (P < 0.01; two-sided Mann-Whitney U-test). The proportion of small mutations located within 10 bp of the rearrangements to all small mutations in Ar ion-induced mutants was significantly higher than in C ion-induced mutants (P < 0.01; two-sided z-test). These results indicate that rearrangements tend to occur with accompanying small mutations following Ar-ion irradiation.
Ar ions and C ions induce similar spectra of SBSs and small indels All the SBSs and small indels are listed in Tables S3 and  S4 . These mutations were classified into eight categories: A/T to C/G, A/T ? G/C, A/T ? T/A, C/G ? A/T, C/G ? G/C, C/G ? T/A, deletion of <100 bp and insertion of <100 bp ( Figure 4 ). The proportion of each category was not significantly different following irradiation with Ar ions or C ions (P > 0.01; Fisher's exact test), with the exception of Figure 1 . Circos diagrams illustrating differences between Ar ion-and C ion-induced mutations. All of the mutations in each of the eight mutants induced by Ar-ion and C-ion irradiation detected by the Automated Mutation Analysis Pipeline (AMAP) are plotted. Rearrangements, including large deletions (≥100 bp), translocations and inversions, are plotted as lines on the interior of the circles. Single base substitutions (SBSs) and small indels (<100 bp) are indicated by short lines on the exterior of the circles. In the diagram showing Ar ion-induced mutations, red, green, blue, sky blue, pink, orange, purple and brown represent the mutations detected in Ar-36-pg1, Ar-53-as3, Ar-55-as5, Ar-57-as4, Ar-58-as6, Ar-60-as1, Ar-71-as1 and Ar-94-as1, respectively. In the diagram showing the C ioninduced mutations, red, green, blue, sky blue, pink, orange, purple and brown represent mutations detected in C30-1-as1, C30-40-as1, C30-95-as1, C30-129-as1, C30-139-as1, C30-90-as3, C30-14-as4, C30-108-as3 and Ar-94-as1, respectively. These diagrams show that Ar-ion irradiation can effectively cause rearrangements, whereas C-ion irradiation mainly induces SBSs and small indels. insertions (P < 0.01; Fisher's exact test). The transition/ transversion ratios for Ar-ion and C-ion irradiations were 0.89 and 1.03, respectively; the difference was not significant (P > 0.01; Fisher's exact test). Among the SBSs, the C/ G ? T/A transition was the most predominant, and this tendency was common between Ar-ion and C-ion irradiation. These findings indicate that Ar ions and C ions induce different numbers of small mutations, but not different types of small mutations. The proportion of each mutation category was also compared with the proportion of spontaneous mutations previously reported (Ossowski et al., 2010; Willing et al., 2016) . The proportions of C/G ? T/A transitions and deletions were significantly different between the heavy ion-induced small mutations and spontaneous mutations (P < 0.01; Fisher's exact test). These data indicate that the spectra of heavy ion-induced small mutations differs from that of the spontaneous small mutations.
The number of mutated genes is similar between Ar ions and C ions
The total number of mutated genes in each mutant was counted based on data for whole-genome mutations. Although the average number of mutated genes was higher with Ar-ion irradiation than with C-ion irradiation (Tables S5 and S6) , the difference was not statistically significant (P > 0.01; two-sided Welch's t-test). Some of the Ar ion-induced mutants possessed more than 100 heterozygous mutated genes in the M 2 generation, and this was predicted by the current mutation detection analysis on the bulk of the M 3 generation. The large deletions included these 100 heterozygous mutated genes. A large deletion does not tend to undergo homozygous inheritance (Naito et al., 2005) , and heterozygous mutations may be lost in subsequent generations via Mendelian inheritance. Therefore, when considering that the mutated genes affect phenotypes, it is important to determine whether these large deletions can be inherited homozygously. Thus, the existence or non-existence of deletions larger than 10 kbp was investigated by conducting PCR on 16 individual M 3 plants ( Figure S4 ). Of the six Ar-ion induced large deletions, five did not exist as homozygous deletions in the M3 generation (Table 2) . Genes covered by these deletions may not affect the phenotype, assuming that these were mainly recessive mutations. If these genes are excluded (Table S6 ), the total number of mutated genes is 60 and 62 for eight Ar ion-and eight C ion-induced mutants, respectively. These results indicate that the number of mutated genes that may affect phenotypes is similar between C ion-and Ar ion-induced mutants. Among the analysed mutants, Ar-36-pg1, C30-1-as1, C30-40-as1, C30-90-as3, and C30-108-as3 carried mutations in previously characterized genes, namely CUE1 (AT5G33320), EIN2 (AT5G03280), DWF5 (AT1G50430), DOT2 (AT5G16780) and ERA1 (AT5G40280), which were probably responsible for the phenotypes observed in Ar-36-pg1, C30-1-as1, C30-40-as1, C30-90-as3 and C30-108-as3. The other mutants did not carry known genes responsible for their phenotypes (see the schematic representations of the induced mutations in each mutant in Figure S5 ).
DISCUSSION
The mutation spectrum is important for selecting appropriate mutagens for mutation breeding or analysis of gene function. Several kinds of mutagens have been used to induce mutations in plants. Among them, the mutation spectrum of fast neutrons on the whole-genome level has been well studied. Although irradiation with fast neutrons was thought to predominantly induce rearrangements (Bruggemann et al., 1996; Li et al., 2001) , mutation detection analysis at the whole-genome level in Arabidopsis and rice revealed that fast-neutron irradiation induces such rearrangements less frequently than SBSs and small indels (Belfield et al., 2012; Li et al., 2016) . The percentage of rearrangements calculated from all detected mutations reported were 9.5 and 0.93% in rice and Arabidopsis, respectively. The percentage of rearrangements following fast-neutron irradiation were comparable with that induced by C ions (30.0 keV lm À1 ; 3.8%); however, the percentage Although these values can be affected by irradiation dose, to some extent, the results indicate that Ar-ion irradiation can effectively induce rearrangements. The proportions of SBSs were not significantly different between Ar ions, C ions and fast neutrons: in all types, the C/G ? T/A transition was the most predominant mutation, and the transition/transversion ratios were around 1.0, implying that these small mutations might be induced by similar mechanisms. Both fast neutrons and heavy ions are classified as high-LET radiation. Ionizing radiation induces DNA lesions by two mechanisms. One includes the direct ionization of the sugar-phosphate backbone of DNA. The other involves hydroxyl radicals attacking the DNA backbone (indirect mechanisms). The indirect mechanism involving hydroxyl radicals is largely responsible for the DNA lesions induced by low-LET radiation (Chapman et al., 1973; Roots and Okada, 1975) , whereas both direct and indirect mechanisms contribute to the DNA lesions induced by high-LET radiation (Spotheim-Maurizot et al., 1990; Balagurumoorthy et al., 2008) . It is possible that the contribution of the direct mechanism is greater following Ar-ion irradiation. Irradiation conditions for both ions in the present experiment indicated that the particle number of Ar ions was approximately 80 times less than that of C ions: calculations performed as previously described revealed that the numbers of particles hitting an area of 100 lm 2 on the surface of the seeds were 108 and 8320 for Ar-and C-ion irradiations (Kazama et al., 2011) . The LET value of Ar ions was approximately 10 times higher than that of C ions. Thus, Ar-ion irradiation induces ionizations that are denser than those induced by C-ion irradiation. It is likely that Arion irradiation creates more collocated damage clusters than C-ion irradiation. Such differences in physical properties may reflect the different effects of the induced mutations. Additionally, the total dose of C-ion irradiation was eight times higher than that of Ar-ion irradiation, which may explain the high number of small mutations following C-ion irradiation (Figure1). Considering that C-ion irradiation is less lethal than Ar-ion irradiation (Kazama et al., 2008) , lethality might occur in proportion to rearrangements rather than small mutations (see below). Small mutations may cause single gene disruptions, and can be induced frequently by EMS, which causes mainly G/C ? A/T transitions (Uchida et al., 2011; Shirasawa et al., 2016) . About half of spontaneous mutations are also G/C ? A/T transitions in A. thaliana (Ossowski et al., 2010; Willing et al., 2016) . In contrast, comparison of the types of small mutations between heavy ion-induced mutations and spontaneous mutations in the same species revealed that the former consist of significantly fewer G/C ? A/T transitions than spontaneous mutations (Figure 4) . Instead, heavy ion-induced mutations as well as fast neutroninduced mutations consisted of more deletions than the spontaneous mutations (Belfield et al., 2012;  Figure 4 ). Similar observations were reported when comparing EMSand gamma ray-induced mutations in tomato (Shirasawa et al., 2016) . Thus, radiation-induced small mutations can more efficiently cause null mutations than EMS. Conversely, EMS mutagenesis more efficiently induces leaky alleles than radiation-based mutagenesis.
When interpreting the differences between Ar ion-and C ion-induced mutations, DSB repair pathways may be Figure 3 . Distance between each small mutation and rearrangement. Small mutations, including single base substitutions (SBSs) and small indels, were classified into eight groups by calculating their distance from the nearest break point of a rearrangement in an individual mutant. The proportion of each small mutation in each classification to the total number of small mutations is presented as a logarithmic histogram for Ar ion-induced mutants (A) and C ion-induced mutants (B). *Counts of small mutations existing over 10 Mb from the nearest break point and those found in mutants without rearrangements. Figures S2 and S3) . By using this information, all fragments generated by irradiation could be re-joined to reconstruct the chromosome images after repair. Chromosome images of two representative M 2 mutants induced by Ar-ion irradiation (a and b) and C-ion irradiation (c and d) are presented, respectively. 'Heterozygous' indicates the regions that should be heterozygous in the M 2 generation based on the current mutation detection analysis on the bulk of the M 3 generation. Five chromosomes and their fragments are shown in individual colours. Chromosomal positions based on TAIR 10 are given for each break point. Pale-coloured fragments indicate those rejoined in an inverted direction. White boxes indicate the regions including both inverted and non-inverted rejoined fragments. Red numbers indicate assigned numbers of the rearranged junctions in Figure S3. considered. There are two major pathways for DSB repair: homologous recombination (HR) and non-homologous end joining (NHEJ), which are both well characterized. NHEJ is classified into two pathways, the Ku-dependent canonical pathway (C-NHEJ) and the Ku-independent alternative pathway (A-NHEJ) (McVey and Lee, 2008) . In studies on animals, the higher the LET value the more difficult the repair of DSBs by C-NHEJ (Wang et al., 2008; Gerelchuluun et al., 2015) . A similar result was obtained in experiments with A. thaliana using a ligase-IV mutant, which is the major component of the C-NHEJ pathway (Hase et al., 2012) , although mutants that are deficient in the C-NHEJ pathway were affected in root growth and undergo a loss of heterozygosity when exposed to high-LET irradiation (Huefner et al., 2014) . We previously showed that the expression of genes related to A-NHEJ pathways increased in rice as the value of LET increased (Ishii et al., 2016b) . It is likely that the repair pathways for complex lesions induced by Ar-ion irradiation differ from those induced by C-ion irradiation.
The difference in the frequency of filler DNAs between Ar ion-and C ion-induced junctions may be the consequence of different repair pathways. The filler DNAs are produced during DNA repair (Gorbunova and Levy, 1997) . A recent study showed that DSBs in the A. thaliana genome are less frequently repaired by pathways mediated by filler DNAs than the Hordeum vulgare (barley) genome, indicating that these two species use different DSB repair pathways (Vu et al., 2017) . In A. thaliana, the filler DNAs were often observed at the end of integrated T-DNAs because of the function of the polymerase-h-mediated repair pathway (van Kregten et al., 2016) . The function of polymerase h is conserved between plants and animals, and polymerase h is involved in the A-NHEJ pathway in mammals (MateosGomez et al., 2015) . None of the filler DNAs detected in the current study exhibited significant similarity to any genomic Figure 4 . Proportion of deletions, insertions, and base substitutions in heavy ion-induced and spontaneous small mutations (Ossowski et al., 2010; Willing et al., 2016) . All of the detected small mutations were classified into eight categories (shown on the right), and the proportion in each category was calculated. No significant difference was found between small mutations induced by Ar ions and C ions. Key: a, statistically significant difference in Fisher's exact test (P < 0.01) between Ar ion-and C ion-induced mutations; b, statistically significant difference in Fisher's exact test (P < 0.01) between heavy ion-induced mutations and spontaneous mutations provided by Willing et al. (2016) ; c, statistically significant difference in Fisher's exact test (P < 0.01) between heavy ioninduced mutations and spontaneous mutations provided by Ossowski et al. (2010) . fragment of A. thaliana in a BLAST search. This indicates that the filler DNAs were derived from random sequences. Importantly, here we showed that Ar-ion irradiation frequently induced both rearrangements and junctions with the filler DNAs (Figure 2 ). It is, therefore, likely that A-NHEJ is the major pathway responsible for the generation of rearrangements after Ar-ion irradiation. Although current knowledge on A-NHEJ is extremely limited in plants, irradiation with significantly different LET values represents a great opportunity to study plant DSB repair pathways, especially the main pathway responsible for the generation of rearrangements.
When mutation frequencies were compared at doses that provide the highest mutation frequencies, and over 95% survival rate under Ar-ion (50 Gy, 290 keV lm À1 ) and C-ion (400 Gy, 30.0 keV lm À1 ) irradiation, respectively, Cion irradiation provided a higher mutation frequency than Ar-ion irradiation (Kazama et al., 2008 (Kazama et al., , 2011 ; however, the total number of mutated genes that may affect the phenotype was similar between the two irradiation types in the current study (Tables S5 and S6 ). This discrepancy may be associated with the experimental procedures. As Ar-ion irradiation effectively induces rearrangements, many genes tend to be lost as a large deletion, which can cover a gene responsible for the mutant phenotype isolated by phenotypic screening. Furthermore, Ar ion-induced rearrangements can effectively truncate genes other than those responsible for the phenotype of a certain isolated mutant (Table S5) . Indeed, 66 of the 74 genetic mutations in Ar ion-induced mutants were caused by truncations or by the loss of whole genes. When a certain isolated mutant is re-sequenced after mutant screening, as was performed in the present study, these factors may represent a possible bias for a large number of mutated genes in the Ar ion-induced mutant. Because the current study aimed to quantitatively characterize the total number of mutations in particular isolated mutants, whole-genome resequencing was performed on the isolated mutants. Of note, the different number of mutated genes does not directly reflect the mutation frequencies under both irradiation conditions. The occurrence of large deletions affects their transmissibility and gametophytic lethality. The current results indicate that large deletions could not be maintained over generations as homozygous mutations (Table2), possibly because of the existence of essential genes in the deletion. Uninheritable large deletions with gametophytic lethality can even be induced by irradiation with low-LET X-rays or c-rays (Stadler and Roman, 1948; Naito et al., 2005) . Cytological observations also showed that C-ion irradiation can cause chromosomal aberrations in the bicellular pollen of Cyrtanthus mackenii with high frequency, with about 60% of irradiated nuclei exhibiting chromosomal bridges between dividing cells 24 h after irradiation with an 80-Gy C-ion beam (LET: 22.5 keV lm À1 ; Hirano et al., 2013) . It is likely that such rearrangements increase lethality and disrupt essential genes in the irradiated plants and gametophytes. The high-density ionization of Ar-ion irradiation may cause deletions with fewer disrupted essential genes; however, our current results showing the low transmissibility of the Ar ion-induced deletions, suggest that larger deletions induced by Ar-ion irradiation cannot be transmitted to the next generation. The upper limit for the deletion size may be determined by the organization of essential genes, because deletions on the Mb scale can even be induced by C-ion irradiation (30.0 keV lm
À1
) in the Y chromosome of a dioecious plant (Silene latifolia), where no essential genes are located . Therefore, Ar ion-induced rearrangements would result from selection, whereby rearrangements with no disruption of essential genes are transmitted.
It is difficult to determine whether all rearrangements have been detected in a mutant. As reported in the previous study , we determined that all rearrangements were detected in a mutant only when the rearranged chromosome was reconstructed using information on all junctions and break points in the present study (Figures 2 and 3 ). In the current study, the rearranged chromosomes in 14 of the 16 mutants that were analysed (87.5%) could be reconstructed. Moreover, the rearranged chromosomes could be reconstructed even in the mutant with the largest number of rearrangements (Ar-60-as1). These results indicate that the combination of short-read sequencing and mutation analysis with AMAP is a rather effective method for mutation analysis in A. thaliana. In the other two mutants (Ar-95-as1 and C30-1-as1), the structure of the rearranged chromosomes could not be determined because of the lack of information on the break points. This was because of the existence of filler DNAs of over 100 bp in size or of junction regions located on the multiple-repeat regions: such cases cannot be detected by AMAP. If all rearrangements are to be determined, additional analyses, such as optical mapping, must be performed.
Forward genetics is a powerful unbiased method that can be used to identify novel factors involved in biological processes. Moreover, recent advances in HTS enable us to determine the genes responsible for the phenotype in a mutant of interest. Bioinformatic tools for gene identification through whole-genome resequencing have been developed in Saccharomyces cerevisiae (yeast; Edwards and Gifford, 2012) , Danio rerio (zebrafish; Bowen et al., 2012; Obholzer et al., 2012) , Caenorhabditis elegans (Minevich et al., 2012; Timbers et al., 2016) , A. thaliana (Schneeberger et al., 2009; Ashelford et al., 2011; Austin et al., 2011; Uchida et al., 2011) , and rice Fekih et al., 2013) . These tools have thus far accelerated forward-genetic studies. Considering further advances in forward-genetic studies, improved technologies for inducing mutants represent a promising option. Whole-genome resequencing following treatment with different chemical mutagens was performed in the nematode C. elegans. When the effects of EMS, N-ethyl-N-nitrosourea (ENU) and ultraviolet trimethylpsoralen (UV/TMP) were compared, the proportion of each base substitution differed for each mutagen (Flibotte et al., 2010) . A similar analysis using aflatoxin B1, mechlorethamine and cisplatin revealed qualitatively different patterns of mutations, including rearrangements between the mutagens (Meier et al., 2014) , suggesting that rearrangements can be induced by selecting appropriate chemicals, although this study did not focus on the efficiency of mutation induction. Considering the spatial effect of the ionization density of high-LET ion beams, as described above, heavy-ion irradiation with different LETs would induce different types of rearrangements compared with chemical mutagens. Furthermore, heavy-ion mutagenesis can be applied to plants, animals and fungi. Here, we have quantitatively demonstrated that the mutational effects of heavy-ion irradiation are significantly different between Ar ions (290 keV lm
) and C ions (30.0 keV lm
). From the results, we propose on-demand mutagenesis. When a researcher wishes to obtain mutants with null mutations with high efficiency, C-ion irradiation should be selected because of its high mutation frequency and high generation of small deletions. If a researcher requires mutants with large deletions or chromosomal rearrangements, Ar-ion irradiation is suitable. It might be possible to identify rare or novel mutants after high-LET irradiation because of the high frequency of induced rearrangements. Indeed, we recently obtained novel mutants of Euglena gracilis, in which it has been difficult to induce mutants, after irradiation with high-LET beams (Yamada et al., 2016a,b) . Most of the mutations, including rearrangements, could be determined by HTS with AMAP in the current study, enabling the analysis of those rearrangements responsible for a phenotype, such as positional changes of genes induced by rearrangements. Taken together, on-demand mutagenesis may represent a powerful tool, not only for plant breeding but also for forward genetics, and will help to clarify the effects of chromosomal rearrangements (e.g. the positional effect of genes or epigenomic effects).
EXPERIMENTAL PROCEDURES

Ion-beam irradiation and mutant screening
Dry seeds of A. thaliana ecotype Col-0 were irradiated with Ar ions (290 keV lm À1 , 50 Gy) and C ions (30.0 keV lm À1 , 400 Gy) at RIBF as described previously (Kazama et al., 2008) . About 1000 seeds were irradiated with Ar ions and C ions, respectively. Under these previously determined irradiation conditions, irradiated plants showed over 95% survival rates and the highest mutation frequencies in the various doses tested (Kazama et al., 2008 , Kazama et al., 2011 . After irradiation, the seeds were sown and their seedlings were grown as described previously (Kazama et al., 2008) . Seeds of the M 2 generations were collected from each M 1 plant. Then, at least 32 M 2 seeds per M 1 plant were sown. From the M 2 plants, morphological mutants were screened: mutants had pale-green leaves, abnormal leaf shape or variegated leaves (see Figure S1 ). In the M 3 generation, the phenotypes of the progeny were confirmed if they were identical to the phenotypes observed in the M 2 generation. Then, at least 40 plants of the M 3 generation from the identified mutants were grown and their leaves were collected and frozen at À80°C until genomic DNA was extracted.
Whole-genome mutation analysis
Genomic DNA was extracted from the collected leaves using a MagExtractor-Plant Genome kit (Toyobo, http://www.toyobo-globa l.com). The extracted DNA was sequenced using the HiSeq 2500 and HiSeq 4000 sequencing systems (Illumina Inc., https://www.il lumina.com) as described previously . The reads obtained were input into AMAP as described previously (Ishii et al., 2016a) . In short, the sequence reads were mapped to the TAIR 10 reference genome with BWA 0.6.2 and PCR duplicates were performed with PICARD 1.114). To refine the mapping of reads, realignment was performed with GATK 3.2.2. Then, mutations were detected with GATK, PINDEL 0.2.4t and BREAKDANCER 1.4.5. For the results of GATK, known single-nucleotide polymorphisms (SNPs) were checked by SNPEFF 3.6. Mutation candidates in the mitochondrion or plastid were excluded. In the GATK output, SNP candidates that failed to pass the filter 'QUAL < 30.0 || QD < 5.0', and indel candidates that did not pass the filter 'QUAL < 10.0' or 'MQ0 ≥ 4 && [(MQ0/(1.0 * DP)] > 0.1' were also treated as false positives. In the PINDEL and BREAKDANCER outputs, mutation candidates with a depth of less than five, or more than 1000, and those in which the ratio of the number of reads supporting the mutation to the depth was less than 0.1, were treated as false positives. To identify false positives, mutation candidates detected in all samples were compared, and then those commonly detected in at least two mutants were removed from the list of candidates. The resulting candidate mutations were visually confirmed using the Integrative Genomics Viewer (IGV; Robinson et al., 2011) . The total number of large alterations in mutants induced by Ar ions were compared with those induced by C ions using an unequal variances t-test. The total number of SBSs and small indels in mutants induced by Ar ions were compared with those induced by C ions using Student's t-tests. SBSs and small indels were classified into eight categories (see Results). The proportion of SBSs and small indels in each category, out of the total number of SBSs and small indels in eight mutants induced by Ar ions, was compared with those induced by C ions using Fisher's exact test. The proportions of SBSs and small indels induced by Ar-ion or C-ion irradiation were compared with spontaneous mutations (Ossowski et al., 2010; Willing et al., 2016 ) using Fisher's exact test. Distances between each SBS or small indel and its proximate rearrangement were calculated, except when no rearrangement existed on the same chromosome. Distances of less than 10 Mb in the eight mutants induced by Ar ions were compared with those induced by C ions by two-sided Mann-Whitney U-test. Statistical significance was defined as P < 0.01.
Investigation of the genetic homogeneity of large deletions
To investigate the genetic homogeneity of the large deletions (>10 kbp), seeds of 16 individual M 3 plants per mutant line were sown. After germination, DNA was extracted from each plant using the MagExtractor-Plant Genome kit (Toyobo) as a template for PCR. Then, genotyping was conducted by PCR using primer sets that can amplify both deleted (a smaller fragment was amplified) and non-deleted fragments (a larger fragment was amplified) (Tables S1 and S4 ). When a large deletion was associated with chromosomal rearrangements, primers were designed to amplify both non-rearranged and rearranged fragments. When a deletion was heterozygous in a plant, both larger and smaller fragments were amplified. When the deletion did not exist in a plant, only the larger fragments were amplified. When the deletion was homozygous, only the smaller fragment was amplified. Genotyping was carried out in the 16 individual M 3 plants. If a deletion could not be maintained as a homozygous deletion, the ratio of no deletion : heterozygous deletion : homozygous deletion would be 4 : 8 : 4. If the deletion could not be maintained in a homozygous manner, no plants with the homozygous deletion would be detected in the 16 individuals.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Photographs of mutants induced by Ar-ion and C-ion irradiation. Figure S2 . Sequences around break points revealed by whole-genome mutation analysis using the Automated Mutation Analysis Pipeline (AMAP). Figure S3 . Sequences of the junction region of rearrangements revealed by whole-genome mutation analysis using the Automated Mutation Analysis Pipeline (AMAP). Figure S4 . Representative results showing the genetic transmissibility of large deletions. Figure S5 . Circos diagrams illustrating all mutations in each mutant. Table S1 . List of primers used to investigate the genetic transmissibility of large deletions. Table S2 . Mapping scores of sequence reads onto the Arabidopsis reference genome sequence (TAIR 10). Table S3 . List of small mutations detected by the Automated Mutation Analysis Pipeline (AMAP) in Ar-ion induced mutants. Table S4 . List of small mutations detected by the Automated Mutation Analysis Pipeline (AMAP) in C-ion induced mutants. 
